Abstract. The objective of the present study was to examine the efficacy of a progestin-based treatment with a high dose of estradiol benzoate (EB) to normalize the epidermal growth factor (EGF) profile in the uterine endometrium and restore fertility in repeat breeder cows. Repeat breeder cows without peaks in their endometrial EGF concentrations on Days 3 and 14 of the estrous cycle were used throughout the study. The effect of 1 (standard dose), 2.5 and 5 mg of EB in a progestin-based treatment protocol (EB1, EB2.5 and EB5 treatments, respectively; n=5 for each group) on endometrial EGF concentrations was first examined. The EB1 and EB2.5 treatments in the repeat breeder cows produced a suppressed response in endometrial EGF compared with EB1 treatment in the fertile controls (n=5) and failed to restore the normal EGF profile during the next estrous cycle. However, EB5 treatment produced an increase in EGF concentrations similar to the fertile controls and normalized the endometrial EGF profile. The effects of the EB1 and EB5 treatments (n=30 for each group) on the endometrial EGF profile and fertility were then examined in the repeat breeder cows. The proportion of cows, with an EGF profile normalized by the treatments was higher in the EB5 group (66.7%) than in the EB1 (30.0%) and untreated control (13.3%; n=30) groups (P<0.01). The pregnancy rates of the cows having a normal EGF profile after treatment in the EB1 and EB5 groups were similar (88.9 and 85.0%, respectively) and higher than those of the cows having an abnormal profile within the same groups (19.0 and 30.0%, respectively, P<0.01). In summary, the endometrial response to EB in terms of the EGF concentration was suppressed in repeat breeder cows. A high dose (5 mg) of EB in a progestin-based treatment was found to be effective for restoration of a normal EGF profile and fertility in repeat breeder cows having lesser endometrial EGF concentrations on Days 3 and 14. Key words: Controlled intravaginal drug release (CIDR), Dairy cattle, Epidermal growth factor (EGF), Endometrium, Repeat breeding (J. Reprod. Dev. 54: [473][474][475][476][477][478][479] 2008) rowing evidence indicates that ovarian steroid hormones (i.e., estrogen and progestin) primarily regulate uterine function by stimulating uterine production of growth factors and cytokines, although most of our knowledge in this field has been obtained in mice and rats. Among such local products, epidermal growth factor (EGF) and related ligands that share the EGF receptor have critical functions in the establishment of pregnancy [1, 2] . Estrogen stimulates EGF production in the mouse uterus [3] [4] [5] and human oviducts [6] . Epidermal growth factor replaces estrogen in the stimulation of uterine and vaginal growth and endometrial cell differentiation (e.g., induction of lactoferrin, a major estrogeninducible secretory protein) in mice [7] and in a nidatory estrogen surge that initiates blastocyst attachment to the endometrium in rats [8] . In EGF receptor knockout mice, drastic negative effects on the number of inner cell masses [9] , placenta formation and viability of offspring [9, 10] have been reported. The presence of EGF and its receptor in the endometrium have been reported in many farm species, including cattle [11] [12] [13] , sheep [14, 15] , goats [16] and pigs [17] . Furthermore, EGF increases endometrial production of prostaglandin (PG) E2 and the PGE2: PGF2α ratio in pigs [18] and rats [19] . These effects of EGF on endometrial PG production should enhance CL function in the cattle [20, 21] .
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Recently, we have reported the presence of repeat breeder cows that exhibit an abnormality in the profile of their uterine endometrial EGF concentrations [11] . Cyclic cows had two peaks in their endometrial EGF concentrations on Days 2-4 and 13-14 of the estrous cycle; however, these two peaks were not detected in the repeat breeder cows. The abovementioned potential roles of EGF in establishment of pregnancy in cattle suggest that the abnormality in the EGF profile may be one of the causes of infertility in repeat breeder cows [11] . Accordingly, our recent study suggested a potential relationship between normalization of the EGF profile and restoration of fertility in repeat breeder cows [22] . Since the incidence of abnormal EGF profile in repeat breeder cows can be as high as 70% [22] , treatment that restores a normal EGF profile would have a major economic impact on the dairy industry.
In the present study, we hypothesized that the uterine endometrial capacity to produce EGF in response to estradiol is suppressed in repeat breeder cows having an abnormal endometrial EGF profile. Since expression of EGF in the endometrium is stimulated by estrogen in the presence of progesterone [1, 2] , a progestin-based treatment in combination with a high dose of estradiol may be an effective way to restore the endometrial EGF profile and fertility in this type of repeat breeder cow. In the present study, repeat breeder cows were given different doses of estradiol benzoate (EB) in combination with a controlled intravaginal drug release (CIDR) device (CIDR treatment), and the changes in the endometrial EGF concentrations were monitored to determine an effective dose to normalize the endometrial EGF profile in repeat breeder cows (Experiment 1). The effect of the CIDR treatment with standard (1 mg) and high (5 mg) doses of EB on restoration of the endometrial EGF profile and fertility was then compared in a farm setting (Experiment 2).
Materials and Methods

Animals
Cows diagnosed as repeat breeders by local practitioners were recruited for the present study using the criteria of failing to conceive after three or more AIs without a detectable abnormality in clinical signs, the estrous cycle and genital organs. The cows were then confirmed to meet the definition of repeat breeders with additional examinations that included transrectal ultrasonography of the genital tracts, uterine cytology for endometritis and oviductal patency by one of the authors before enrollment. The repeat breeder cows were multiparous lactating Holstein cows (10,500 kg, 305-days FCM on average) between three and nine years of age and between 145 and 250 days post-partum on the day of the first biopsy. All cows had not been given any therapeutic treatment against repeat breeding, including hormonal treatment to induce and/or synchronize estrus and ovulation. In Experiment 1, multiparous lactating Holstein cows with no peripartum problems, between three and six years of age and between 70 and 90 days post-partum on the day of the first biopsy were recruited as fertile cows.
Endometrial tissue collection
Uterine endometrial tissues were obtained by biopsy using an biopsy instrument (Fujihira Industry, Tokyo, Japan) with caudal epidural anesthesia (4-5 ml of 2% lidocaine; 2% xylocaine, Fujisawa Pharmaceutical, Osaka, Japan) as described previously [11] . For the EGF assay, tissues were frozen in liquid nitrogen (within 10 min of collection) and stored at -80 C. For histological examination, endometrial tissues were fixed and preserved in 10% formalin for at least 48 h. Fixed tissues were embedded in paraffinwax and sectioned at a thickness of 5 μm. The sections were stained with hematoxylin and eosin.
EGF assay
Uterine endometrial tissue was processed for the EGF assay as described previously [23] with a modification to increase the ratio of extraction solution (ml) : tissue (g) from 5:1 to 15:1. The concentrations of EGF in uterine extracts were determined by a double-antibody sandwich EIA using 96-well microtiter plates [11] . Anti-human EGF mouse monoclonal antibody (R&D Systems, Minneapolis, MN, USA) was used as the solid-phase antibody, and anti-human EGF rabbit antiserum (Biogenesis, Poole, UK) was used for detection with anti-rabbit IgG goat antibody (Seikagaku Corporation, Tokyo, Japan) labeled with peroxidase. The intra-and interassay coefficients of variation were 5.6 and 7.4%, respectively. The sensitivity of the assay was 10 pg/ well.
Classification of endometrial EGF profiles
Cows were observed for estrus (the first day of standing estrus= Day 0) twice daily, and two pieces of endometrial tissue were obtained by biopsy on Days 3, 7 and 14 of the estrous cycle. One piece of endometrial tissue on every examination day was used for histological examination to exclude cows with endometritis, and the other was used for the EGF assay. The profiles of endometrial EGF concentrations were judged to be normal when the concentrations on all three days were within the normal range [22] , and profiles were judged to be abnormal when the endometrial EGF concentrations were outside the normal range on at least one of the three days. All repeat breeder cows, however, showed EGF concentrations within the normal range on Day 7 of the estrous cycle, and no cows showed EGF concentrations higher than normal on any of the three days in the present study. Therefore, abnormal EGF profiles were characterized by suppressed concentrations on Days 3 and/or 14 of the estrous cycle.
Experiment 1
A diagrammatic time line of the treatment sequences for Experiment 1 is shown in Fig. 1A . The changes in the EGF concentrations in response to different doses of EB were examined in repeat breeder cows with an abnormal EGF profile. All cows received a CIDR device containing 1.9 g of progesterone (EAZI-BREED CIDR; InterAg, Hamilton, NZ) on either Day 7, 8 or 9 of the estrous cycle following initial examination of the endometrial EGF profile. The device was left in place for 7 days. Different doses of EB (Gynandol; Sankyo, Tokyo, Japan) and 500 μg of cloprostenol (Estrumate; Takeda Schering-Plough Animal Health, Osaka, Japan) were given at the time of insertion and withdrawal of the CIDR device, respectively [24] . Fifteen repeat breeder cows having an abnormal EGF profile were assigned randomly to the three treatment groups that received 1, 2.5 and 5 mg of EB (EB1, EB2.5 and EB5 groups, respectively; five cows for each group) at the time of insertion of the CIDR device. As controls, five fertile cows were similarly treated with 1 mg of EB with a CIDR device (fertile group). Endometrial tissues for EGF assay were obtained by repeated biopsy at 0, 2, 8, 16, 24 and 48 h after injection of EB and on Days 3, 7 and 14 of the estrous cycle beginning at the estrus observed after withdrawal of the CIDR device. The cows in the control group were subjected to AI up to two times during the next two estrous cycles. Pregnancy was diagnosed by palpation per rectum between Day 60 and Day 65.
Experiment 2
A diagrammatic time line of the treatment sequences for Experiment 2 is shown in Fig. 1B . The effects of EB treatments with standard (1 mg) and high (5 mg) doses in combination with the CIDR device on normalization of the endometrial EGF profile and fertility were examined in repeat breeder cows having abnormal EGF profiles. Ninety repeat breeder cows showing abnormal EGF profiles were allocated randomly to three treatment groups (thirty cows in each group). The groups consisted of two EB treatment groups (EB1 and EB5 from Experiment 1) and an untreated control group. In the EB treatment groups, 500 μg of cloprostenol was replaced with 25 mg of dinoprost tromethamine (Pronalgon F; Pfizer, Tokyo, Japan) in this experiment. The EGF profiles of the cows were examined a second time without AI in the estrous cycle initiated after withdrawal of the CIDR device in the EB1 and EB5 groups. The cows were then subjected to AI and diagnosed for pregnancy as described in Experiment 1. The cows in the control group were left untreated for one estrous cycle after initial examination of the endometrial EGF profile, and their EGF profiles were examined in the next estrous cycle. They were then subjected to AI and diagnosed for pregnancy as above.
Data analysis
In Experiment 1, endometrial EGF concentrations were compared between the treatment groups using a two-way analysis of variance with repeated measurement followed by Fisher's PLSD. In Experiment 2, rates of normalization of endometrial EGF concentrations and pregnancy were compared between the treatment groups with the Fisher's exact test. All analyses were conducted with the Stat View software (ver. 4.5; Abacus Concepts, Berkeley, CA, USA). recruited for the present study, endometrial tissues were obtained for the EGF assay by biopsy on Days 3, 7 and 14 of the estrous cycle (Day 0=estrus). The EGF profile was judged to be abnormal when the endometrial EGF concentrations were outside the normal range on at least one of the three days. In Experiment 1 (A), repeat breeder cows having abnormal endometrial EGF profiles were treated with 1, 2.5 or 5 mg of estradiol benzoate (EB; EB1, EB2.5 and EB5 treatments; n=5 for each group) and prostaglandin (PG) F2α analogue (500 μg of cloprostenol) at the time of insertion (between Day 7 and Day 9 of the estrous cycle) and withdrawal of a controlled internal drug release (CIDR) device, respectively. The CIDR was left in place for seven days in all cows. As controls, cows having normal endometrial EGF profiles without peripartum problems and before submission to AI after the last parturition received the EB1 treatment with a CIDR device. Control cows were inseminated (AI) at estrus, and cows that became pregnant by the first AI service were used as fertile controls (n=5). Endometrial samples for EGF assay were collected from all repeat breeder and fertile control cows by repeated biopsy at 0, 2, 8, 16, 24 and 48 h after the EB injection and on Days 3, 7 and 14 of the estrous cycle initiated after withdrawal of the CIDR device. In Experiment 2 (B), repeat breeder cows having abnormal EGF profiles were treated with 1 or 5 mg of EB (EB1 and EB5 groups, respectively; n=30 for both groups) in combination with a CIDR device and PGF2α (25 mg of dinoprost tromethamine). The CIDR device was left in place for seven days in all cows. Repeat breeder cows assigned to the untreated control group (n= 30) were left untreated for one estrous cycle. The EGF profiles of all cows were examined for the second time, and the cows were then subjected to AI during the next two estrous cycles.
Results
Experiment 1
In all three EB groups (EB1, EB2.5 and EB5) of repeat breeder cows, the endometrial EGF concentrations at the time of EB injection (0 h) were similar to those of fertile controls (Fig. 2A) . The changes in the EGF concentrations immediately after EB treatment differed between the treatment groups. In the fertile control cows, the EGF concentrations increased within 2 h after treatment with 1 mg of EB, showed the highest levels between 8 and 24 h and then decreased. However, the concentrations were still higher than the pretreatment levels (0 h) at 48 h (P<0.01). In the EB5 group, the endometrial EGF concentrations showed changes similar to the fertile group until 24 h after EB injection. The EGF concentrations did not decrease after 24 h but instead remained at the maximal levels until 48 h. The changes in the EGF concentrations in the EB1 and EB2.5 groups were similar to each other. The endometrial EGF concentrations in the two groups were slow to increase, showed lower maximal levels between 8 and 24 h after EB treatment than those of the fertile and EB5 groups (P<0.01) and returned to the pretreatment levels by 48 h.
The changes in the EGF concentrations during the estrous cycle initiated after CIDR withdrawal also differed between the groups (Fig. 2B) . In the EB5 group, the endometrial EGF concentrations on all three days (Days 3, 7 and 14) were within the normal range and were similar to those of the fertile group. In the EB1 and EB2.5 groups, the EGF concentrations showed similar changes to each other. The concentrations of these EB groups on Days 3 and 14 were lower than those of the fertile and EB5 groups and were below the normal range.
Experiment 2
The proportion of cows having normal endometrial EGF concentrations on all three days after treatment (normalization rate) was greater in the EB5 group than in the other two groups (P<0.01; Table 1 ). The normalization rate of the EGF profile did not show a significant difference between the EB1 and untreated control groups, although the rate tended to be higher in the EB1 group than in the untreated control group (P=0.08).
The pregnancy rate was higher in the EB5 group (66.7%) than in the untreated control (16.7%) and EB1 groups (40.0%, P<0.05; Table 1 ). The pregnancy rate did not differ significantly between the EB1 and control groups, although the rate tended to be higher in the EB1 group than in the untreated control group (P=0.08). In the EB1 and EB5 groups, the pregnancy rates of the cows with EGF concentrations normalized after treatment (88.9 and 85.0%, respectively) were greater than those of the cows showing abnormal endometrial EGF profiles (19 and 30%, respectively, P<0.01; Table  1 ). The pregnancy rates of the cows with normal and abnormal EGF profiles were not different in the control group.
Discussion
Increases in the endometrial EGF concentrations in repeat breeder cows after the EB1 and EB2.5 treatments were suppressed compared with the concentrations of the fertile cows given the EB1 treatment. The EGF profiles of the repeat breeder cows given the two treatments failed to return to normal. In contrast, the EB5 treatment produced a similar or even an exaggerated response in the EGF concentration compared with the fertile cows given the EB1 treatment, and the endometrial EGF concentrations normalized in the next estrous cycle. These results indicate that the low endometrial EGF concentrations on Days 3 and 14 of the estrous cycle in repeat breeder cows [11, 22] seem to reflect disruption of endometrial responsiveness to an estrogenic stimulus. At present, the mechanisms causing this suppression are unknown. We are currently investigating expression and localization of estrogen receptors and the integrity of their function to understand the underlying mechanisms of infertility in this type of repeat breeder cow. Treatment with 5 mg of EB is reported to increase plasma estradiol concentrations to a greater extent and for a longer period than treatments with 1 and 2.5 mg of EB [25, 26] . The difference in the plasma estradiol profile may be responsible for the different changes in the EGF concentrations between the EB5 and other EB treatment groups in the repeat breeder cows. Expression of EGF in the endometrium largely depends on estrogenic action, and the effect of estrogen is enhanced by the presence of progesterone [1, 2] . Thus, EB treatment in combination with a CIDR device during the luteal phase would produce an ideal change in the plasma concentrations of steroid hormones to restore EGF production in the endometrium if sufficient levels of estrogenic action are achieved by use of a high dose of EB. Once high levels of EGF that mimic the peak(s) around Days 3 and/or 14 of the estrous cycle [11] are achieved, cyclic change of EGF production would resume.
The preliminary results in Experiment 1 prompted us to plan a field trial to confirm the effects of the EB5 treatment on restoration of fertility in the repeat breeder cows. The results in Experiment 2 demonstrated high efficacy for the EB5 treatment in restoring fertility. The pregnancy rate after the EB5 treatment (66.7%) was higher than that of the EB1 treatment (40.0%), which represents a standard CIDR program that is often chosen as a treatment option for repeat breeder cows in the field. Since the pregnancy rate of the repeat breeder cows that had their EGF concentrations normalized after treatment was high and was similar in both EB groups (88.9 and 85.0%), the difference in the pregnancy rate between the two EB groups seems to reflect higher efficiency of the EB5 treatment in normalizing the endometrial EGF profile than seen for the EB1 treatment (66.7% vs. 30.0%).
The present study, together with the potential role of EGF in establishment of pregnancy [8-10, 18, 19] , suggests that normalization of the EGF profile resulted in normal endometrial function which, in turn, restored fertility in the repeat breeder cows. It would not be reasonable, however, to assume that EGF is the only agent that is affected in the uterine endometria of repeat breeder cows. Alteration of the EGF profile may represent disruption of the endometrial regulatory network, which consists mainly of growth factors and cytokines. The EB5 treatment would have restored not only the EGF profile but also normality in the regulatory network.
There may be other potential mechanisms by which the EB5 treatment produced pregnancy in the repeat breeder cows as discussed previously [22] . A large proportion of pregnancy loss can be attributed to fertilization failure including delayed fertilization, which increases the incidence of early embryonic loss [27] . In repeat breeder cows, the potential for delayed fertilization may be increased by delayed onset of estrus, which has been suggested to be the major deviation in non-fertile cows [28] . Thus, treatment to optimize the timing of AI including a CIDR program (i.e., the EB1 and EB5 treatments) may produce pregnancy independently of endometrial EGF concentrations in repeat breeder cows. Furthermore, some repeat breeder cows may have had subclinical endometritsis, which can be eliminated by the EB5 treatment because high doses (3-5 mg) of EB have been used to treat endometritis in cattle [29] . Although all the repeat breeder cows were examined for histological evidence of endometritis using the endometrial tissues obtained by biopsy in the present study, signs of endometritis could have been missed if the endometritis was restricted to a specific area.
The present results strongly suggest that the EB5 treatment can be recommended as a treatment option for repeat breeder cows losing peaks in their endometrial EGF concentrations during the estrous cycle. However, the duration of CIDR treatment needs to be extended when cows are inseminated during estrus induced by a CIDR treatment because the EB5 treatment with a 7-day CIDR insertion period may cause failure of ovulation after CIDR withdrawal due to insufficient time for follicular development and maturation. In a previous study, two out of eight non-lactating Hereford cows receiving a CIDR with 5 mg of EB and 500 μg of cloprostenol with a 7 day interval, similar to the EB5 treatment, failed to ovulate within 7 days after CIDR withdrawal, while all cows given 1 mg of EB ovulated within 6 days [30] . Treatment with 5 mg of EB suppresses FSH for an extended period compared with treatment with low doses (0.75, 1 and 2.5 mg) of EB [25, 26] , and follicular wave emergence can be expected to occur later and asynchronously [25, 26, 30] . Consequently, the size of the largest follicles becomes smaller, and some follicles may not acquire the ability to ovulate by the time of the LH surge. In the present study, all cows in the EB5 group, however, showed signs of estrus and ovulated within 5 days after CIDR withdrawal. The conflicting results between the present and previous [30] studies could be attributed to a larger body size and higher metabolic rate of EB in the dairy cows used in our study than the non-lactating beef cattle in the previous study. High feed intake to support a large amount of milk production in high-producing dairy cattle increases liver blood flow and metabolism of progesterone and estradiol [31] . The higher metabolic rate of EB terminates suppression of FSH by EB earlier. Nevertheless, the potential adverse effect of failing to ovulate may exist for the EB5 treatment. It is therefore recommended that the interval between EB and PG treatment be extended to 9-10 days in the EB5 treatment to make up for the delay of follicular wave emergence of 2 to 3 days compared with the EB1 treatment [26, 30] .
In conclusion, repeat breeder cows having lesser endometrial EGF concentrations on Days 3 and/or 14 of the estrous cycle may have a suppressed endometrial capacity to produce EGF in response to estrogenic stimuli. A CIDR program with a high dose (5 mg) of EB may reactivate the endometrial capacity to produce EGF and restore cyclic change of endometrial EGF concentrations and fertility.
